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DICER-LDRD-DR

Subject: Nuclear Data Needs for Radiochemistry

There are many elements of interest to the weapons community that include light elements,
activation products, fission products, actinides and heavy elements. Of course, that is the whole periodic
table! In this memo we summarize a down-selected list, 22 of 118+ of elements that have or could serve
as radiochemical diagnostic measurements. The simulations would need cross sections for nuclides (and
metastable states) of these elements to be able to calculate values for comparison with debris
measurements. The purpose of this memo is to:

1. Allow the experimental community to provide input on what is possible and not possible, due
to half-lives, for example, as well as current experimental and target production constraints.

2. Allow the nuclear theory community to provide input on what measurements they would need
to constrain their models to predict cross sections for the nuclides of interest.

The goal is to be able to go after low hanging fruit and help set expectations and needs for future challenging
measurements and associated costs to accomplish them. A classified memo will also be generated.

In the sections below we provide an alphabetized list of elements along with their nuclides that are
of interest. Also included are what cross sections libraries are currently available at LANL through the XCP-
5 nuclear data team for each nuclide. Note that a new library does not mean that a new evaluation has
been performed for a given isotope. We have included information on the evaluation used for each isotope
and library to the extent possible. Note that Ed Arthur from the LANL group T-2 provided a number of
evaluations from 1978-1984. We have used “LANL 1980” as a designator for these evaluations as it is
difficult to establish the specific year for each. It is also worthwhile to mention that for the historical libraries
CRSDATA, Y21GRP_N and Y21GRP the binary data library format at the time only allowed for a limited
number of reactions. Hence, different choices were made between LLNL and LANL about how to include
the sum of multiple reactions for an isotope into one of those limited slots (Seamon 1989). Unfortunately,
when modern libraries have been created and used historic data these same limitations may exist in the
data set as it was a translation from the binary format to the modern format and not a complete reprocessing
of the historical evaluations.

We ask the theory and experimental communities to fill out their “needs” or “requirements” to
calculate or measure each of the listed nuclides. Then an updated version of this memo can provide a
foundation upon to request funding to support theoretical calculations and experimental measurements to
fill in holes and provide better data. We will also continue adding more production/depletion chain figures
and references to documentation for each nuclide.
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Ag —Silver (Z=47)
Tazla W
Proguct1on/Depletion for 541lver lsotoDas
ZALID on
Reaction Target Froguct Target Reaction Procuct MT Reactions Du:1nntrf Files
1 104 gag Q.00
a 10SgLg Q.00
1 3 - 10Emag  Im, 2n) 108gag 16 AT106.213
2 3 i in,3m) 10 gt g 17 Sem Note
3 k] -] im,gl W0Tghg 102
d & 2 10Egag  in, 2rm) 1C8gag L] AT106, 303
B & i Lr, 3m) 10d4gag 17 See Notae
B 2 -] i@l 10Tgap 102
7 5 ' 10Tgdg  (m,2m) 10BGag 16 47107 .303
2] 5 3 irm, 2m) 10Emig 1018
] ) r Lm, 3Am) 108540 17 Sen NoOTae
10 |3 Eep Lm,as ) FRP 103, 107
11 g & {m.gl 10EmAg 102
12 -3 T [m,.gl 10EgAS 1102
13 ] B 1ﬂﬂﬂﬂﬂ [m,2n) 1ﬂ?glg 16 47T108.313
14 & 4 (=, 3m) 106gag 17
15 g B (rog) 108540 102
16 T -] 108gag (n.2n) 107940 16 A7108 . 303
17 T & [A.3n) 1oEgaa 17
18 7 B (hA.g) 109548 102
5] B T W0egag (n,2n) 108548 18 47908302
20 B 1 (n.2nk 108mag 1016
21 B 5 in,2n) 107gag 17
az B FPE in,ds) FPF 103, 157
23 B ] in,gl 110mbg 102
a4 ] 10 L3 T10gag 1102
a6 g a 110mag  {m, 2ZR) 108ghg 16 47110, 313
26 g T {m,3m) 10BgAG 17
as ] 11 in,gl 111gag 103
28 10 a 110gag 1n,2m) 10BgAg 16 47110, 303
9 g 1e) 7 im,3m) 10BgAg 17
20 10 11 {m,gl 111gag 102
11 111540 £.00

Mote: Thresholo for thi1s resction 15 above 17.0 May

The ACTL data is discussed in (Little and Seamon 1987) with the production/depletion reactions shown
above.

Stable Radioactive Cross Evaluated Data Theoretical Experimental
Isotopes Isotopes of  Section Needs Needs

(Percent Interest Libraries
Abundance) (Half-Life)

104 -
(1.15 h)

105 -
(41.3 d)

106 crsdata ACTL - 1978
(8.28 d)

National Nuclear Security Administration
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Stable Radioactive Cross Evaluated Data Theoretical Experimental
Isotopes Isotopes of  Section Needs Needs
(Percent Interest Libraries
Abundance) (Half-Life)
106m crsdata ACTL - 1978
(24 m)
107 crsdata ACTL - 1978
(51.84%)
108 crsdata ACTL - 1978
(438 y)
108m crsdata ACTL - 1978
(2.39 m)
109 crsdata ACTL - 1978
(48.16%)
110 crsdata ACTL - 1978
(249.8 d)
110m crsdata ACTL - 1978
(24.6 s)
111 -
(7.47 d)
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As — Arsenic (Z = 33)

73 As - TAs
80.3d (n,2n) 17.76d | (n2n) | mpg
S E— g | :
¢ to °Ge ; B~ to "Se 100%
534 kevy ' 634 kev y

Arsenic chain by (Mroz 1992), just showing the (n,2n) reactions from the stable.
' i
33073 33074 33075

Arsenic chain from (Lee 2013) that includes the (n,3n) and the green lines include both the (n,2n) and
(n,g) reactions.

The As data main sources are (Herring 2008) for the mendf80 and (White 2004) for the CRSData.

Stable Radioactive Cross Evaluated Data Theoretical Experimental
Isotopes Isotopes of  Section Needs Needs
(Percent Interest Libraries

Abundance) (Half-Life)
(26 h)
73 mendf80 Created from
(80.3d) ENDF/B-VII.0 for
As-75 and As-73
from LANL 1980
74 mendf80 ENDF/B-VII.O0
(17.78 d) crsdata LANL 1980
75 mendf80 ENDF/B-VII.O
(100%) crsdata LANL 1980
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Au—Gold (Z=79)
Tacle IX
Froduction/Depletion fer Golg Izotopes
Reaction Targe: Product Target Resction Praduct MT Raacticns DEEIE:EEVQ?11H
=
1 192 gau Q.00
i 2 3 193gad  (n,g) 194 ghu 102 T893, 383
z 3 2 1%4pau  (A,2n) 183
. gau 18
3 a 1 {n.an} 192gAu 17 TE1Es. 303
3 4 ir.gh 185gau 102
L 4 3 185gau  (m,2R) 1
. Bdgau 6
E : 2 (n.3n) 183g4u. 17 TE19%. 02
& (n.gh 196 AU 102
a g 4 188ma  {n.2m) 1
N FEgaL 18
13 5 2 {m,2n)  104gau 17 Ta188. 313
5 7 lr,gl 197 ghu 102
11 & 4 1B8gau  (nm,2n) 186
I = L1 16
:g g E [n.3n) 184gau 17 78186, 303
T (n.gh 197 ghu 102
14 7 & 187ghy  (n,2n)  198ga
. u 16
I8 7 5 in,2n) 196mAu 1016 7ETaT. 303
& ] F;h (F, 30} 195g4u 17
. 7 (n,gs}) FPP 103, 107
B in.gl 198U 102
19 & 7 198gau  (m, 2R} 4187
. g 16 ’ 1
g?_ 8 & {n.3n) 196gau 17 78198.303
8 g trh.g) 18g9g4u 1032
a2 El B 199940 (m,2AR) 1
. BEGaAw 18
gf g T (n.3n)  197paw 17 79198303
10 {n.gl  2oDghu 102
25 10 ] 200gau  (m,2n) 195gaLu 16 Te200. 303

The ACTL data is discussed in (Little and Seamon 1987) with the production/depletion reactions shown

above.

Stable Radioactive Cross Evaluated Data Theoretical Experimental
Isotopes Isotopes of  Section Needs Needs
(Percent Interest Libraries

Abundance) (Half-Life)
193 crsdata ACTL - 1978
(17.6 h)
194 crsdata ACTL - 1978
(1.58 d)
195 crsdata ACTL - 1978
(166.12 d)
196 crsdata ACTL - 1978
(6.167 d)
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Stable Radioactive Cross Evaluated Data Theoretical Experimental
Isotopes Isotopes of  Section Needs Needs
(Percent Interest Libraries
Abundance) (Half-Life)
196m crsdata ACTL - 1978
(9.6 h)
197 crsdata ACTL - 1978
(100%)
198 crsdata ACTL - 1978
(2.6949 d)
199 crsdata ACTL - 1978
(3.14 d)
200 crsdata ACTL - 1978
(18.7 h)
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Bi — Bismuth (Z = 83)
Production/Depletion for Bismuth Isotopaes
ZaIb on
Reaction Targest Progduct Targat Reaction Product MT Reactions Dosimetry Filas

i 20681 B.00

8 20TgE 0.00
1 2 2 208gB1  Im,28) 207g81 16 B3308.303
a 3 1 {m,3n} 206E 1T
3 3 Fp@ {rn.gs) FFR 28,322,103, 107
a a 4 (m.gl 208gE1 102
-] a 3 209g8 1§ lFr'\l.inil- 208581 16 B3209.303
& 4 2 F.3nl  207gEd 17
T 4 FRP (n.as} FFP 22,103, 107
E ] -] fm,gh 2 10gE1 102
8 4 E (n.g) 210mB 4 11082
13 5 & 210mBr (A, 270 203gB1 16 - 83210.313
11 5 a (n.3n} 208gqB 17
12 5] FPP (n.as) FPP 28,22, 103,107
13 g 7 (n.gl 29 1g84 102
14 5] & 210gB1  (n.2n}) 209ga 1 18 83210, 303
15 g a [n.3n) I08gR 17
16 1] FR# (m.dg) FPp 2m, 33,103, 107
17 & T Lr.gl 211gBi o2

7 2irgBi Q.00

The ACTL data is discussed in (Little and Seamon 1987) with the production/depletion reactions shown
above.

Stable Radioactive Cross Evaluated Data Theoretical Experimental
Isotopes Isotopes of  Section Needs Needs

(Percent Interest Libraries
Abundance) (Half-Life)

204 -
(11.2 h)

205 -
(15.31 d)

206 -
(6.243 d)
207 -
(32y)
208 crsdata ACTL - 1978
(3.58 105 y)

209 crsdata ACTL - 1978
(100%)

210 crsdata ACTL - 1978
(310°y)

210m crsdata ACTL - 1978
(5.01d)
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Ca — Calcium (Z = 20)
Produgtien/Cepietion for Calciun lsotopes
_ ZAID an
Reaction Target Product Target Reaction Product MT Refctians ODosimetry Filas
1 J8gca .00

T =3 1 aggta (n.2n} ﬂﬂaﬂu 18 20038 303
2 2 FFP (m,28) Fe 28,232,103, 107

3 2 3 (n.gl 40gta 102

4 3 2 d0gta [n.2n) A55Ca 18 20040, 303
5 3 FPP (-} L 28,332,103, 105, 107

-] 3 4 (m.gl 41gCa 102

7 4 3 41gCa (R.2R) aAdgla 18 20041, 303
a 4 FEP GLN-11] ERP 28,232,103, 105, 107

a 4 -] (rn.gl azgta 102
10 L 4 42gCe (n.2n} “1gCa 18 20042 , 303
11 ] FPP (A, c8) FEp 28,32 103,197
12 5 [ (n.g) 43gla 103
13 & B 43gta (n,2n} 42gCa 18 20043, 303
14 g FFR -3 E=p 22.103.104,107
15 g 7 in.gl 44gta 1032
1E 7 & 44gCa (m.2n} a3gta 18 200d4 , 333
T T FrP (m, g8l FRp 183, 104, 107
18 ¥ ] (n.gl aBgla 1a2
19 4 T 4SgCa (n.2nm) ddgla 16 20045, 303
botel a FPP (n.ds) FRR 193, 104, 197
it a -] in,gl aEgta 182
22 -] -] 46gCa  (n.2nm) 45gCa 16 20046 . 303
33 @ FRp fr,dE) Ep 193, 107
24 -] 10 in,gk 47opla 192
78 1Q -] £Tpla (n.2m) dfgta i1 20047 . 303
b 10 FPp in,ds) FPF 103
27 10 11 in,gl 4EgCa 102
el | 11 19 afgla (R, 2R a4TgCa 18 20048 . 303
25 14 FFP (A, d8) PR 1082
a0 1 12 tr.gh 489gCa 102
31 12 41 4sgCa In,2m) ARGCHE 16 20049, 303
= i1z 13 (R,al EOgCa 102

13 SOpta 0.00

The ACTL data is discussed in (Little and Seamon 1987) with the production/depletion reactions shown
above.

Stable Radioactive Cross Evaluated Data Theoretical Experimental
Isotopes Isotopes of Section Needs Needs
(Percent Interest Libraries

Abundance) (Half-Life)
39 crsdata ACTL - 1978
(0.861 s)
40 crsdata ACTL - 1978
(96.941%)
41 crsdata ACTL - 1978
(1.0310%y)
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Stable Radioactive Cross Evaluated Data Theoretical Experimental
Isotopes Isotopes of  Section Needs Needs
(Percent Interest Libraries
Abundance) (Half-Life)
42 crsdata ACTL - 1978
(0.647%)
43 crsdata ACTL - 1978
(0.135%)
44 crsdata ACTL - 1978
(2.086%)
45 crsdata ACTL - 1978
(162.7 d)
46 crsdata ACTL - 1978
(0.004%)
47 crsdata ACTL - 1978
(4.536 d)
48 crsdata ACTL - 1978
(0.187%)
49 crsdata ACTL - 1978
(8.72 m)
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Eu — Europium (Z = 63)
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Froductien/Depletian for Eurspium Isctopes

Reaction Target Progucst Target Reaction Broguct

1 145gEy
2 150mEw
3 150gEu
i Il
- : g "S1gEu
:i o i
4 4 FPRE
] & E
& 4 &
& 152mEu
8 182gEy
7 7 & 153gEu
8 7 = ®
9 T a
0o 7 Fpp
11 - B
L] 1848Eu
Mote:

Tdantical

{m,2n)
{n,.2nk
in.3mk
in,ds)
(rn.gh
)]

to those for MT=41g

1588y
180mEw
149gEu
FRpp

183mEuy
152gEu

182gEu
162mEu
151gEu

154gEu

T Z&I0 on
Reactions pogimatry Files
Q.00
Q.00
o.0p
i& E3151.3a3
1016 See Mot
17
28,232,102, 104,105, 106, 107
102
1162
0,00
0.00
16
- 63153, 303
17

2B.22,103,104, 108, 108, 107
102

Q.00

Tre numerical values for shig Cross section are
Immédiatety above,

The ACTL data is discussed in (Little and Seamon 1987) with the production/depletion reactions shown

above.

Radioactive
Isotopes of
Interest
(Half-Life)

146 -
(4.57 d)

Stable
Isotopes

(Percent
Abundance)

Cross
Section
Libraries

Evaluated Data

Experimental
Needs

Theoretical
Needs

147 -
(24.4 d)

(54.5 d)

148 -

(93.1 d)

149 -

(38y)

150 -

(12.8 h)

150m -

151

crsdata

ACTL - 1978

An Equal Opportunity Employer / Managed by Triad National Security, LLC for the U.S. Department of Energy’s NNSA.
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Stable Radioactive Cross Evaluated Data Theoretical Experimental
Isotopes Isotopes of  Section Needs Needs
(Percent Interest Libraries
Abundance) (Half-Life)
(47.81%)
152 -
(13.54 y)
153 crsdata ACTL - 1978
(52.19%)
154 -
(8.50 y)
155 -
(4.75y)
156 -
(15.2d)
157 -
(15.18 h)
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Ir — Iridium (Z = 77)

(11)-, 3.087h
(m3) —

11/2-, 4.945
11/2—, 10.53d
1—, 1.45m
{r112} (4)+, 1.4ms —
(m]} (1-), 1.12h
4-,11.78d 3/2+, stable 4+, 73.8d 3/2+, stable
(g) m—
[r190 Ir191 Ir192 [r193

FIG. 6: The ground states and isomers of iridium isotopes.

Figure from (Chadwick, Frankle et al. 2007).

Original Y, Ir, and Tm evaluations were performed 1979-1981 by Ed Arthur in T-2 at LANL. From the
original evaluations, what is in y21grp is the same for Ir as those original evaluations. Validation of some
cross sections is discussed in (Chadwick, Frankle et al. 2007). The RC2004 618 is discussed in (Trellue
and White 2006) and (Trellue and White 2006).

The t16_rc_2004 data is discussed in (White 2005) and in (Talou, Kawano et al. 2006).

Reviews of the chains were done by (Little and Seamon 1986).

Stable Radioactive Cross Evaluated Theoretical Experimental
Isotopes Isotopes of Section Data Needs Needs

(Percent Interest Libraries
Abundance) (Half-Life)

188 rc2006_618 LANL 1980
(1.72d) rc2004_618 LANL 1980
t16_rc_2004 LANL 1980

crsdata LANL 1980
y21grp LANL 1980
y21grp_n LANL 1980
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Stable Radioactive Cross Evaluated Theoretical Experimental
Isotopes Isotopes of Section Data Needs Needs
(Percent Interest Libraries
Abundance) (Half-Life)

189 rc2006_618 LANL 1980
(13.24d) rc2004_618 LANL 1980
t16_rc_2004 LANL 1980
crsdata LANL 1980
y21grp LANL 1980
y21grp_n LANL 1980
190 rc2006_618 LANL 1980
(11.8d) rc2004_618 LANL 1980
t16_rc_2004 LANL 1980
crsdata LANL 1980
y21grp LANL 1980
y21grp_n LANL 1980
191 rc2006_618 LANL 2006
(37.3%) rc2004_618 LANL 2004
t16_rc_2004 LANL 2004
crsdata LANL 1980
y21grp LANL 1980
y21grp_n LANL 1980
192 rc2006_618 LANL 1980
(73.83 d) rc2004_618 LANL 1980
t16_rc_2004 LANL 1980
crsdata LANL 1980
y21grp LANL 1980
y21grp_n LANL 1980
193 rc2006_618 LANL 2006
(62.7%) rc2004_618 LANL 2004
t16_rc_2004 LANL 2004
crsdata LANL 1980
y21grp LANL 1980
y21grp_n LANL 1980
193m rc2006_618 LANL 2006
(10.53 d) rc2004_618 LANL 2004
t16_rc_2004 LANL 2004
crsdata LANL 1980
y21grp LANL 1980
y21grp_n LANL 1980
194 rc2006_618 LANL 1980
(171 d) rc2004_618 LANL 1980
t16_rc_2004 LANL 1980
crsdata LANL 1980
y21grp LANL 1980
y21grp_n LANL 1980

An Equal Opportunity Employer / Managed by Triad National Security, LLC for the U.S. Department of Energy’s NNSA.
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Stable Radioactive Cross Evaluated Theoretical Experimental
Isotopes Isotopes of Section Data Needs Needs
(Percent Interest Libraries
Abundance) (Half-Life)
194m mendf80 Unavailable
(19.3 h)
195 rc2006_618 LANL 1980
(3.9 h) rc2004_618 LANL 1980
t16_rc_2004 LANL 1980
crsdata LANL 1980
y21grp LANL 1980
y21grp_n LANL 1980

An Equal Opportunity Employer / Managed by Triad National Security, LLC for the U.S. Department of Energy’s NNSA.
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Lu — Lutetium (Z =71)

Stable Radioactive Cross Evaluated Data Theoretical Experimental
Isotopes Isotopes of Section Needs Needs
(Percent Interest Libraries

Abundance) (Half-Life)
170 crsdata ACTL - 1978
(2.01d) y21grp_n ACTL - 1978
171 crsdata ACTL - 1978
(8.24 d) y21grp_n ACTL - 1978
172 crsdata ACTL - 1978
(6.70 d) y21grp_n ACTL - 1978
172m3 crsdata ACTL - 1978
y21grp_n ACTL - 1978
172m2 crsdata ACTL - 1978
y21grp_n ACTL - 1978
172m1 crsdata ACTL - 1978
y21grp_n ACTL - 1978
173 crsdata ACTL - 1978
(1.37y) y21grp_n ACTL - 1978
173m2 crsdata ACTL - 1978
y21grp_n ACTL - 1978
173m1 crsdata ACTL - 1978
y21grp_n ACTL - 1978
174 crsdata ACTL - 1978
(3.3y) y21grp_n ACTL - 1978
174m3 crsdata ACTL - 1978
y21grp_n ACTL - 1978
174m2 crsdata ACTL - 1978
y21grp_n ACTL - 1978
174m1 crsdata ACTL - 1978
y21grp_n ACTL - 1978
175 crsdata ACTL - 1978
(97.41%) y21grp_n ACTL - 1978
175m2 crsdata ACTL - 1978
y21grp_n ACTL - 1978
175m1 crsdata ACTL - 1978
y21grp_n ACTL - 1978
176 crsdata ACTL - 1978
(2.59% y21grp_n ACTL - 1978
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Stable Radioactive Cross Evaluated Data Theoretical Experimental
Isotopes Isotopes of  Section Needs Needs
(Percent Interest Libraries
Abundance) (Half-Life)

176m1 crsdata ACTL - 1978
y21grp_n ACTL - 1978
177 crsdata ACTL - 1978
(160.7 d) y21grp_n ACTL - 1978
177m2 crsdata ACTL - 1978
y21grp_n ACTL - 1978
177m1 crsdata ACTL - 1978
y21grp_n ACTL - 1978
178 crsdata ACTL - 1978
(28.5 m) y21grp_n ACTL - 1978
178m1 crsdata ACTL - 1978
y21grp_n ACTL - 1978
179 crsdata ACTL - 1978
(4.6 h) y21grp_n ACTL - 1978

e
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Nb — Niobium (Z = 41)

The Nb chain is discussed in (Seamon 1988).

Stable Radioactive Cross Evaluated Data Theoretical Experimental
Isotopes Isotopes of Section Needs Needs
(Percent Interest Libraries

Abundance) (Half-Life)
(14.6 h)
91 crsdata ACTL - 1978
(62 d)
91m crsdata ACTL - 1978
92 crsdata ACTL - 1978
(10.13 d)
92m crsdata ACTL - 1978
93 crsdata ACTL - 1978
(100%)
94 crsdata ACTL - 1978
(6.253 m)
95 crsdata ACTL - 1978
(34.99 d)
96 crsdata ACTL - 1978
(23.4 h)
97 crsdata ACTL - 1978
(1.25h)
98 crsdata ACTL - 1978
(51 m)
99 -
(2.6 m)
100 crsdata ACTL - 1978
(3s)

e
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Pb— Lead (Z=82)

Stable Radioactive Cross Evaluated Data Theoretical Experimental
Isotopes Isotopes of Section Needs Needs
(Percent Interest Libraries

Abundance) (Half-Life)
203 -

(2.164 d)
204 -

(1.4%)

205 -
(1.57y)
206 -

(24.1%)

207 -

(22.1%)

208 -

(52.4%)

209 -
(3.25 h)

e
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Stable Radioactive Cross Evaluated Data Theoretical Experimental
Isotopes Isotopes of Section Needs Needs
(Percent Interest Libraries

Abundance) (Half-Life)
(6.47 h)
83 -
(86.2 d)
84 -
(33.2d)
85 -
(72.17%)
86 -
(18.65 d)
87 -
(27.83%)

An Equal Opportunity Employer / Managed by Triad National Security, LLC for the U.S. Department of Energy’s NNSA.
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Re — Rhenium (Z=75)

Stable Radioactive Cross Evaluated Data Theoretical Experimental
Isotopes Isotopes of Section Needs Needs
(Percent Interest Libraries

Abundance) (Half-Life)
183 -
(70 d)
184 -
(35d)
185 -
(37.4 %)
186 -
(3.718 d)
187 -
(62.6%)
188 -
(17.004 h)
189 -
(24 h)

e
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Rh — Rhodium (Z = 45)

Production/Depletion for Rhodium Isoropes

Raaction Target Product Target Reaction Froduct MT Reactions DDMIE:LD_FG?HH
i 1829RA 0,00
i 103mRh oo
1 3 . 103gRR (n.nt ) 1G3mRh 4 45103, 303
2 3 1 (m.2n} 102aRn 16

The ACTL data is discussed in (Little and Seamon 1987) with the production/depletion reactions shown
above. Hoffman2009c is discussed in (Gray and Lee 2012) and (Hoffman, Kelley et al. 2006).

Stable Radioactive Cross Evaluated Theoretical Experimental
Isotopes Isotopes of Section Data Needs Needs
(Percent Interest (Half- Libraries

Abundance) Life)
96 Hoffman2009c LLNL 2006
(9.6 m)
96m Hoffman2009¢ LLNL 2006
97 Hoffman2009c LLNL 2006
(46 m)
97m Hoffman2009¢ LLNL 2006
98 Hoffman2009c LLNL 2006
(8.7 m)
98m Hoffman2009c LLNL 2006
99 Hoffman2009c LLNL 2006
(16 d)
99m Hoffman2009c LLNL 2006
100 Hoffman2009c LLNL 2006
(20.8 h)
101 Hoffman2009c LLNL 2006
(3.3y)
101m Hoffman2009c LLNL 2006
(4.35d)
102 Hoffman2009c LLNL 2006
(3.74 y)

An Equal Opportunity Employer / Managed by Triad National Security, LLC for the U.S. Department of Energy’s NNSA.
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Stable Radioactive Cross Evaluated Theoretical Experimental
Isotopes Isotopes of Section Data Needs Needs
(Percent Interest (Half- Libraries
Abundance) Life)
102 m Hoffman2009c LLNL 2006
(207 d)
103 Hoffman2009c LLNL 2006
(100%)
103m Hoffman2009c LLNL 2006
104 Hoffman2009¢c LLNL 2006
(4.36 m)
104m Hoffman2009c LLNL 2006
105 Hoffman2009c LLNL 2006
(35.4 h)
105m Hoffman2009¢ LLNL 2006
106 Hoffman2009c LLNL 2006
(2.18 h)
160m Hoffman2009c LLNL 2006

e
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Sc —Scandium (Z = 21)

Production/Depletion far Scandium leatopes

Reaction Target Proguct Target Reaction Product

1 4315%c
1 2 1 44mSe
i z FPR
3 z 4
4 3 1 44g5e
5 a FpE 8
& 3 4
7 4 ] 4
a a 3 Sgsc
g 4 Fre
10 ' 5
11 4 &
iz 8 4 4B
1 8 FRR se
14 5 7
18 8 4 25
bp H - ES5e
17 & -
18 T g8 4
g 2 2 Tasc
20 7 FFP
a1 T 1]
23 E = a
23 : é Egss
24 E FPR
el i5gsc

(n,2n}
(m,ds)
lm.gl

in,2n)
in,dsh
(n.gl

.2,
i, 2n)
{n.del
Lr.g)
(r.gh

(. 2m)
in,.dsl
(n,g)

(n,2m}
(m.as)
{F.g)

in,2n)
{n,3m)
(m,ds )
lm.gl

in,2n)
if,3n)
(n.ds)
(h,ah

43g5c
Fpp
4Bgsg

ﬂiEE:
FE
A5g5e

AdgSe
ddmSo
FPRE

df@mSs
46g5s

4Bgse
FERP
47g%c

4555
Fpp
47g5e

4Egte
45g5e
FPE

E8gSe

4785
48950
FPF

40g%e

MT Reaszticns

16
103,107
102

-1
103, 197
102

18

1016
133, 107
102
1102

18
103, 107
192

16
103,147
102

18

17 Sea MNote

103, 147
102

&

17 Lem Note

103, 197
102

Mote: Thresscld for this resctien 15 abowve 17.0 Mav
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ZAID om

Dosimatry Files

0.00
21044, 313

210£4 | 303

21045, 303

21046,313

21048, 203

21047303

21048, 203

0.00

The ACTL data is discussed in (Little and Seamon 1987) with the production/depletion reactions shown

above.

Stable Radioactive Cross Evaluated Data Theoretical Experimental
Isotopes Isotopes of  Section Needs
(Percent Interest Libraries

Abundance) (Half-Life)
44
(2.442 d)
44m
45
(100%)

An Equal Opportunity Employer / Managed by Triad National Security, LLC for the U.S. Department of Energy’s NNSA.
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Stable Radioactive Cross Evaluated Data Theoretical Experimental
Isotopes Isotopes of  Section Needs Needs

(Percent Interest Libraries
Abundance) (Half-Life)

46
(83.81d)

46m

47
(3.349 d)

48
(43.7 h)

49
(57.3 m)

e
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Ta—Tantalum (Z =73)
Table VII
Froductien/Denletian for Tantalum Isoctopes
Roaction Target Produst Target Reaction Preguct HT Reactions uqa1::£EyQF11-=
1 177gTa
.00
Z 178gTa 0.60
1 b § 2 178gTa im,2R) 178 -
. aTa 16
g g 1 in.3n}  177gTa 17 7RI, 302
: 3 FRE in,gs} Fpe 103
a 2 ; tm,glh iBOmTa 103
lr.g) tBOgTa 1102
-] i 3 1EOmTa (m,2R)
) 17849Ta 15
; : _i s 178010 i T23180.313
: p FPF (m.as} Fre 163
& (m.gl 1B1gTa 102
i+ 5 3 180gTa (m,2m) 17
N 8gTa 1]
:; E ng {n.an% 1780TR 17 7180302
: n,ds FER 28,103, 104, 107
3 5 6 (A, gl 181gTa 102 -10
14 [ g 181878 (n.2m) 1
] . EQgTa 16
12 g g {r.2m)  i1EOnTa 1018 73181303
1€ s . im,3n) 179gTa 17
' 8 P (n,ds) FEP 22,103
1 H T (r.g) 182mTa 103
B (n.gl 1B2gTa 1102
20 T & 1BZmTa 1m,.2R)
. 1B1gTa 16
3.1'2 ; 4 fm.3n)  180aTa 07 TEIEZ. 313
22 7 F;P (R, ds) FER 103
in.gl 183gTa 102
24 ! & lazgTa (m.2n)
B 1B1gTa 16
ig g H inant 1soat 13 T3182.303
2 : FEP {n, de) Fep 143
) in,.gl 183g7a 102
2B k] -] 183gTa  (n,2m) 1
) B2gTa 1
;g 3 F; {m,an) 13157. 1? 7a183. 303
i : P [m.d5) EPP 103
10 -] ] 1RAgTa 192
3z 10 5 184 303
gTa {(n,2n) 183gTa
33 0 B (ni3n)  {B20Ta 1 TIes.
a 11 (n.gh 185@Ta 102
11 185gTa Q.00
as 12 11 1BE
gTa (n.2nm) 1855Ta 1
38 12 L {n,an) 1a:§1- 1? 73186203
a - 187gTa 102

13 187gTa .60

The ACTL data is discussed in (Little and Seamon 1987) with the production/depletion reactions shown

above.

o
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Stable Radioactive Cross Evaluated Data Theoretical Experimental
Isotopes Isotopes of  Section Needs Needs
(Percent Interest Libraries
Abundance) (Half-Life)
179 crsdata ACTL 1978
(1.82y)
180 crsdata ACTL 1978
(0.01%)
180m crsdata ACTL 1978
181 crsdata ACTL 1978
(99.99%)
182 crsdata ACTL 1978
(114.43 d)
182m crsdata ACTL 1978
183 crsdata ACTL 1978
(5.1d)
184 crsdata ACTL 1978
(8.7 h)
185 -
186 crsdata ACTL 1978

e
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Tb — Terbium ( Z = 65)

Stable Radioactive Cross Evaluated Data Theoretical Experimental
Isotopes Isotopes of Section Needs Needs
(Percent Interest Libraries

Abundance) (Half-Life)
159 -

(100%)

160 -
(72.3d)

161 -
(6.91d)

162 -
(7.6 m)

e
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Tl —Thallium (Z = 81)
Froguction/Degpletien for Thallium lsotopes
ZAID on
Reaction Target Product Tarpet Reaction Proguct MT Raacticns Dosimetry Filas

1 T Eagn 000

2 201gT1 0,00
1 b 202gT1  (n.2n) 201gT1 18 81302,303
2 3 1 (m,3m) 200811 7
3 3 FPP [f -1 EPpR 28,103
4 3 4 (n.gl 203gT1 102
- L = 203gT1  (n,.2n) a02gTl 18 B1203,.303
& 4 z (m,3n) 201gT1 i7
7 4 FPP (r,d8) FpE 2B, 103
3 4 5 (n.gl 20agT1 102
9 -] bl 204gT1 (P3N} 203gT1 18 B1204,.303
10 a2 3 (n,3n) 202aT1 47
11 £ FEp [ -1} Fpp 28,103
12 S [ tra.g) 208gT1 102
13 & 8 08T (n,3n)  204gTt 18 : B1206.303
14 & 4 (m.3n) 203971 17
18 & FEP in,ds) FrP 28 . 103
18 & T L -1 208gT! 102

T 206gT1 Q.00

The ACTL data is discussed in (Little and Seamon 1987) with the production/depletion reactions shown
above.

Stable Radioactive Cross Evaluated Data Theoretical Experimental
Isotopes Isotopes of  Section Needs Needs
(Percent Interest Libraries

Abundance) (Half-Life)
200 -
(1.087 d)
201 -
(3.043 d)
202 crsdata ACTL 1978
(12.23 d)
203 crsdata ACTL 1978
(29.52%)
204 crsdata ACTL 1978
(3.78 y)
205 crsdata ACTL 1978
(70.48%)

e
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Tm — Thulium (Z = 69)
Original Y, Ir, and Tm evaluations were performed 1979-1981 by Ed Arthur in T-2 at LANL.

The t16_rc_2004 data is discussed in (White 2005). Tm libraries may have come from C-INC before 1973
and Ed Arthur updated the (n,g) for 169 and 170 later. Validation of some cross sections is discussed in
(Chadwick, Frankle et al. 2007). The RC2004_618 is discussed in (Trellue and White 2006) and (Trellue
and White 2006).

Reviews of the chains were done by (Little and Seamon 1986).

Stable Radioactive Cross Evaluated Theoretical Experimental
Isotopes Isotopes of Section Data Needs Needs
(Percent Interest Libraries

Abundance) (Half-Life)
166 rc2006_618 LANL 2004
(7.70 h) rc2004_618 LANL 2004
t16_rc_2004 LANL 2004
crsdata LANL 1980
y21grp LANL 1980
y21grp_n LANL 1980
167 rc2006_618 LANL 2004
(9.24 d) rc2004_618 LANL 2004
t16_rc_2004 LANL 2004
crsdata LANL 1980
y21grp LANL 1980
y21grp_n LANL 1980
168 rc2006_618 LANL 2004
(93.1d) rc2004_618 LANL 2004
t16_rc_2004 LANL 2004
crsdata LANL 1980
y21grp LANL 1980
y21grp_n LANL 1980
169 rc2006_618 LANL 2004
(100%) rc2004_618 LANL 2004
t16_rc_2004 LANL 2004
crsdata LANL 1980
y21grp LANL 1980
y21grp_n LANL 1980
170 rc2006_618 LANL 2004
(128.6 d) rc2004_618 LANL 2004
t16_rc_2004 LANL 2004
crsdata LANL 1980
y21grp LANL 1980
y21grp_n LANL 1980
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Stable Radioactive Cross Evaluated Theoretical Experimental
Isotopes Isotopes of Section Data Needs Needs
(Percent Interest Libraries
Abundance) (Half-Life)
171 rc2006_618 LANL 2004
(1.92y) rc2004_618 LANL 2004
t16_rc_2004 LANL 2004
crsdata LANL 1980
y21grp LANL 1980
y21grp_n LANL 1980
172 rc2006_618 LANL 2004
(2.65d) rc2004_618 LANL 2004
t16_rc_2004 LANL 2004
crsdata LANL 1980
y21grp LANL 1980
y21grp_n LANL 1980
173 rc2006_618 LANL 2004
(8.2 h) rc2004_618 LANL 2004
t16_rc_2004 LANL 2004
crsdata LANL 1980
y21grp LANL 1980
y21grp_n LANL 1980

An Equal Opportunity Employer / Managed by Triad National Security, LLC for the U.S. Department of Energy’s NNSA.
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V —Vanadium (Z = 23)

Stable Radioactive Cross Evaluated Data Theoretical Experimental
Isotopes Isotopes of Section Needs Needs
(Percent Interest Libraries

Abundance) (Half-Life)
47 -
(32.6 m)
48 -
(15.98 d)
49 -
(331d)
50 -

(0.25%)

51 -

(99.75%

52 -
(3.76 m)

e
Y S
An Equal Opportunity Employer / Managed by Triad National Security, LLC for the U.S. Department of Energy’s NNSA. Na,,o,,a,NU;AM,,,,WM,,,,,.,S.,,,,%,



LA-UR-21-XXXXX March 17, 2021

Page 33
W — Tungsten (Z = 74)
LR -1V AR Vida
Production/Depletion for Tungsten Is=otopes
Reaction Target Proguct Target Raaction Product MT Raacticns Dog r::iayu:rleg
i 177 gk .00
2 1780w .00
i 3 i 179gw  (n,2n) 178
W av 18
g a 1 {n.3m)  177gW 17 4TS, 303
3 4 (hA.g) 180G 102
4 4 3 180ge (M, 2n1) 178
168
: 4 2, Enrﬂn:{ mf&’- 17 74180. 30
n,ds EEp 20, 108, 104, 107
7 i 5 in.al 18 1w 103 '
E 5 4 181gw  (n.2m) 180g 1
. a8
. E 3 {n.2n)  178gw 17 a8t 303
4] irh,gl 183gw 162
i1 <] 5 183gW  (m,2n) B4
' gw 16
:g . : in,3n}  1BOgW 17 748230
13 6 FPR [m,ds] Fep 22,108,107
& 7 (A.g) 1830w 102
15 7 [ -] 183gd (M. 2R) 182
5 =[] 18
15 ; g {n.3n) 181gwW 17 74182.303
. [ FFP (m,es)  Fpp 28,223,103, 108, 107
a [r.g) 1B4gw 162
19 B T tBagwW (m, 2n) 1E3
gw 16
2 R e
[ 2B, 103, 104, 107
22 a ) im.g) 18Bgu 1032 ©
21 9 a 182gW (n,2n) 184
; oW 18
24 g 7 (n,3n)  1B3gW 17 74183303
a5 ] 10 (r,gl 188w 102
28 10 ] 186gW  (m,2n) 185
. aw 18
:; 10 i (m,3m) 184 17 741886303
28 10 FEp [ -T3 FPp 22, 103,107
o 11 irn,g) 187ge 102
20 11 [+ 1B@TgW  (n,2n) 1
BE 16 303
31 11 g in,an} TEEE: 17 TATRT
iz 11 & (. 4m} 1EAgW 37
11 12 (n,a) 1BEgW 102
Jd 12 i1 18BgW (m.2m) 1a7
. =1 16
gg- 12 10 (r.3n)  186gw 17 74188203
2 13 irm,g) 188gW 102
13 1B9gW .00

The ACTL data is discussed in (Little and Seamon 1987) with the production/depletion reactions shown
above.

Stable Radioactive Cross Evaluated Data Theoretical Experimental
Isotopes Isotopes of Section Needs

Needs

(Percent Interest Libraries
Abundance) (Half-Life)
179 crsdata ACTL 1978
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Stable Radioactive Cross Evaluated Data Theoretical Experimental
Isotopes Isotopes of  Section Needs Needs
(Percent Interest Libraries
Abundance) (Half-Life)
(37.8 m)
180 crsdata ACTL 1978
(0.12%)
181 crsdata ACTL 1978
(121.2 d)
182 crsdata ACTL 1978
(26.50%)
183 crsdata ACTL 1978
(14.31%)
184 crsdata ACTL 1978
(30.64%)
185 crsdata ACTL 1978
(74.3 d)
186 crsdata ACTL 1978
(28.43%)
187 crsdata ACTL 1978
(23.9 h)
188 crsdata ACTL 1978
(69.75 d)
189 -
(19.7 m)

e
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Y — Yttrium (Z = 39)

The Y production/depletion chain is shown below taken from (Seamon 1989).

Yttrium Production/Depletion Chain

This nicer version below is from (Chadwick, Frankle et al. 2007).

88 T\i

Ytrrium Production / Depletion Chain

\ Natural yttrium is 100% 8%

/g «—»E0g «—»E00 «—»00g «-—»01lg «—»0lg

£ *a =\

Original Y, Ir, and Tm evaluations were performed 1979-1981 by Ed Arthur in T-2 at LANL.

The t16_rc_2004 data is discussed in (White 2005), Hoffman2009 in (Gray and Lee 2012) and (Hoffman,
Kelley et al. 2006), and the crslinl is discussed in (Seamon 1989). Validation of some cross sections is
discussed in (Chadwick, Frankle et al. 2007). Impact of new Y cross sections on 88Y(n,2n)87Y is
discussed in (Chadwick, Kawano et al. 2004). The RC2004_618 is discussed in (Trellue and White 2006)
and (Trellue and White 2006).

Reviews of the chains were done by (Little and Seamon 1986) and (Seamon 1986).

Stable Radioactive Cross Evaluated Theoretical Experimental
Isotopes Isotopes of Section Data Needs Needs
(Percent Interest (Half- Libraries

Abundance) Life)
84 Hoffman2009c LLNL 2006
(40 m)
84m Hoffman2009c LLNL 2006

e
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Radioactive Cross Evaluated Theoretical Experimental
Isotopes of Section Data Needs Needs
Interest (Half- Libraries
Abundance) Life)
85 Hoffman2009c LLNL 2006
(4.9 h)
85m Hoffman2009c LLNL 2006
86 Hoffman2009c LLNL 2006
(14.74 h) rc2006_618 LANL 1980
rc2004_618 LANL 1980
t16_rc_2004 LANL 1980
crsdata LANL 1980
y21grp LANL 1980
y21grp_n LANL 1980
crslinl LLNL <1989
86m Hoffman2009c LLNL 2006
87 Hoffman2009¢ LLNL 2006
(3.35d) rc2006_618 LANL 1980
rc2004_618 LANL 1980
t16_rc_2004 LANL 1980
crsdata LANL 1980
y21grp LANL 1980
y21grp_n LANL 1980
crslinl LLNL <1989
87m Hoffman2009c LLNL 2006
rc2006_618 LANL 1980
rc2004_618 LANL 1980
t16_rc_2004 LANL 1980
crsdata LANL 1980
y21grp LANL 1980
y21grp_n LANL 1980
crslinl LLNL <1989
88 Hoffman2009¢ LLNL 2006
(106.63 d) rc2006_618 LANL 1980
rc2004_618 LANL 1980
t16_rc_2004 LANL 1980
crsdata LANL 1980
y21grp LANL 1980
y21grp_n LANL 1980
crslinl LLNL <1989
88m2 Hoffman2009c LLNL 2006
rc2006_618 LANL 1980
rc2004_618 LANL 1980
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Stable Radioactive Cross Evaluated Theoretical Experimental
Isotopes Isotopes of Section Data Needs Needs
(Percent Interest (Half- Libraries
Abundance) Life)
t16_rc_2004 LANL 1980
crsdata LANL 1980
y21grp LANL 1980
y21grp_n LANL 1980
crslinl LLNL <1989
88m1 Hoffman2009c LLNL 2006
rc2006_618 LANL 1980
rc2004_618 LANL 1980
t16_rc_2004 LANL 1980
crsdata LANL 1980
y21grp LANL 1980
y21grp_n LANL 1980
crslinl LLNL <1989
89 Hoffman2009c LLNL 2006
(100%) rc2006_618 LANL 2004
rc2004_618 LANL 2004
t16_rc_2004 LANL 2004
crsdata LANL 1980
y21grp LANL 1980
y21grp_n LANL 1980
crslinl LLNL 1980
89m Hoffman2009c LLNL 2006
rc2006_618 LANL 1980
rc2004_618 LANL 1980
t16_rc_2004 LANL 1980
crsdata LANL 1980
y21grp LANL 1980
y21grp_n LANL 1980
crslinl LLNL <1989
90 Hoffman2009c LLNL 2006
2.669d rc2006_618 LANL 1980
rc2004_618 LANL 1980
t16_rc_2004 LANL 1980
crsdata LANL 1980
y21grp LANL 1980
y21grp_n LANL 1980
crslinl LLNL <1989
90m Hoffman2009¢ LLNL 2006
rc2006_618 LANL 1980
rc2004_618 LANL 1980
t16_rc_2004 LANL 1980
crsdata LANL 1980
y21grp LANL 1980
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Stable Radioactive Cross Evaluated Theoretical Experimental
Isotopes Isotopes of Section Data Needs Needs
(Percent Interest (Half- Libraries
Abundance) Life)
y21grp_n LANL 1980
crslinl LLNL <1989
91 Hoffman2009c LLNL 2006
(58.5d) rc2006_618 LANL 1980
rc2004_618 LANL 1980
t16_rc_2004 LANL 1980
crsdata LANL 1980
y21grp LANL 1980
y21grp_n LANL 1980
crslinl LLNL <1989
91m Hoffman2009¢c LLNL 2006
92 Hoffman2009c LLNL 2006
(3.54 h) rc2006_618 LANL 1980
rc2004_618 LANL 1980
t16_rc_2004 LANL 1980
crsdata LANL 1980
y21grp LANL 1980
y21grp_n LANL 1980
crslinl LLNL <1989
93 Hoffman2009c LLNL 2006
(10.2 h)
93m Hoffman2009c LLNL 2006
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Zr — Zirconium (Z = 40)
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ZAID on
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40087 . 3032
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The ACTL data is discussed in (Little and Seamon 1987) with the production/depletion reactions shown
above. Hoffman2009 is discussed in (Gray and Lee 2012) and (Hoffman, Kelley et al. 2006).
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Stable Radioactive Cross Evaluated Theoretical Experimental
Isotopes Isotopes of Section Data Needs Needs
(Percent Interest (Half- Libraries
Abundance) Life)
86 Hoffman2009c LLNL 2006
(14.74 h)
87 Hoffman2009c¢ LLNL 2006
(1.71 h)
87m Hoffman2009c LLNL 2006
88 Hoffman2009c¢ LLNL 2006
(83.4d)
89 Hoffman2009c¢ LLNL 2006
(3.27 d) crsdata ACTL 1976
89m Hoffman2009c LLNL 2006
90 Hoffman2009c¢ LLNL 2006
(51.45%) crsdata ACTL 1976
90m3 Hoffman2009c LLNL 2006
90m2 Hoffman2009c¢ LLNL 2006
90m1 Hoffman2009c LLNL 2006
9 Hoffman2009c¢ LLNL 2006
(11.22%) crsdata ACTL 1976
91m Hoffman2009c¢ LLNL 2006
92 Hoffman2009c LLNL 2006
(17.15%) crsdata ACTL 1976
93 Hoffman2009c¢ LLNL 2006
(1.5 108 y) crsdata ACTL 1976
94 Hoffman2009c LLNL 2006
(17.38%) crsdata ACTL 1976
95 Hoffman2009c LLNL 2006
(64.02 d) crsdata ACTL 1976
96 Hoffman2009c¢ LLNL 2006
(2.80% crsdata ACTL 1976
97 crsdata ACTL 1976
(16.75 h)
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	Ag – Silver (Z = 47)
	As – Arsenic (Z = 33)
	Au – Gold (Z = 79)
	Bi – Bismuth (Z = 83)
	Ca – Calcium (Z = 20)
	Eu – Europium (Z = 63)
	Ir – Iridium (Z = 77)
	Lu – Lutetium (Z = 71)
	Nb – Niobium (Z = 41)
	Pb – Lead (Z = 82)
	Rb – Rubidium (Z = 37)
	Re – Rhenium (Z = 75)
	Rh – Rhodium (Z = 45)
	Sc – Scandium (Z = 21)
	Ta – Tantalum (Z = 73)
	Tb – Terbium ( Z = 65)
	Tl – Thallium (Z = 81)
	Tm – Thulium (Z = 69)
	V – Vanadium (Z = 23)
	W – Tungsten (Z = 74)
	Y – Yttrium (Z = 39)
	Zr – Zirconium (Z = 40)
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